In 1O cardiac patients in whom an organic lesion of the mitral valve was excluded by standard investigation procedures during which a diagnostic transseptal catheterization for pressure measurements in the left heart was performed, the authors placed a directional Doppler ultrasonic catheter tip velocimeter at the site of the mitral ring and recorded the mitralflow velocity traces. The pattern of these normal curves is presented and a physiological interpretation proposed. The relation between the mitralflow velocity andflow volume curves is discussed in the light ofpresent experimental data on mitral valve flow velocity profiles and variations in size of the mitral orifice. The authors conclude that the flow velocity curves obtained by the Doppler technique constitute a valid physiological reference system for the study of the mitral valve flow velocity tracings that can be recorded in the variousforms ofmitral valve disease.
The currently used investigative procedure for diagnosing mitral valve disease, such as intracardiac pressure measurements, selective angiocardiography, dye dilution methods, or echocardiography are not capable of demonstrating the pattern of pulsatile flow through the mitral valve. We have shown (Kalmanson, Derai, and Novikoff, I97I ) the feasibility of obtaining such information at the tricuspid valve by catheterizing the right heart with a directional Doppler ultrasonic catheter, and have proposed a physiological interpretation for the normal tricuspid valve flow velocity curve. The successful application of this technique for diagnosing tricuspid valve disease using a pattern recognition method prompted us to study whether a similar procedure using the transseptal route could help in diagnosing and assessing the severity of mitral valve disease.
In this report we will consider the normal flow velocity pattern and its physiological interpretation.
In our next report we will consider the abnormal flow velocity patterns in mitral valve disease and their diagnostic value. A combined presentation of the methods will, however, be given in this report, for the purpose of clarity.
Subjects
In order to determine the flow velocity pattern of the normal mitral valve, we studied a control group of io patients, 4 women and 6 men, ranging in age from 25 to 59 years, in all of whom an organic mitral valve lesion, 25o Kalmanson, Bernier, Veyrat, Witchitz, Savier, tion of blood flow by adjustment of the proximal end of the catheter or by using the catheter selector, as we have previously described (Kalmanson et al., I972) . Recordings were made at the site of, and immediately above the mitral annulus at different points near the centre, the anterolateral, and whenever possible the posteromedial commissures (Fig. i) . The traces were recorded during quiet respiration in unanaesthetized patients and inscribed on a four-channel 34 or seven-channel 8i Mingograf, direct inkwriting recorder, simultaneously with electrocardiogram lead II and frequency selected phonocardiogram at the second left intercostal space.
The chart speed was either 25 or 50 mm/s. The distance between two successive spikes (upper row in the figures) equals i s. Square notches on the trace are irrelevant as far as this text is concerned.
Results The use of the Doppler catheter produced no complication apart from transient atrial and ventricular arrhythmias. There was no clotting around the catheter. There was no morbidity associated with the transseptal technique. In 5 patients not included in this report, the procedure failed: in 2, an increasingly severe bradycardia was considered as an absolute indication to withdraw the catheter, and in the 3 others, the catheter tip could not be immobilized satisfactorily. inversely, depending on heart rate and respiration. For normal or slow rates the D wave is larger than the A wave and inversely for faster rates. In cases with long PR intervals (equal to or greater than 0.20 s), the descending limb of the A wave falls precipitously and overrides the zero line before the occurrence of the first heart sound (Fig. 3) . Other patterns, showing small variations, can be elicited, depending on the site of the recording. The negative initial ic deflection may be absent, or sometimes prolonged for a short period of early systole (Fig. 4) .
Discussion and comments Technique
The following points pertinent to the velocimetric Doppler ultrasonic technique have been previously discussed in detail (Kalmanson et al., I969, I97I) and therefore will not be considered here. They include the following.
I) The application of the Doppler principle to back-scattered ultrasound from red blood cells for the measurements of instantaneous bloodflow velocity.
2) The performance and use of the Sonicaid BV i8o catheter-tip velocimeter. It need only be mentioned here that we have shown an almost linear response of the catheter up to velocities of I00 cm/s.
3) The conditions which might affect the validity of recording within the left heart, such as problems raised by the displacement of the catheter tip caused by bloodflow, the recording of echoes from wall or from valves, and the production of flow disturbances by the presence of a catheter. In the case of the transseptal route, the catheter is normally supported by the bloodflow (and not oriented against it, which makes correct location and immobilization of the catheter easier except in massive mitral regurgitation, where positioning the tip may be somewhat difficult and time consuming). 4) As the method is based on pattern analysis, it is important to use directional velocity sensors, to avoid artefacts which occur in wave forms with nondirectional devices (Mills, I972) .
The discussion here will, therefore, be limited to the physiological significance of the recorded curves.
Significance of recorded curves Obviously the significance of the blood flow velocity curves, that is their relation to phasic volumetric flow, closely depends on the velocity profile and the value and variations of the area ofthe mitral annulus. These factors must, therefore, be considered. I,.
vtr.
FIG. 3
Normal flow velocity trace in a patient with obstructive cardiomyopathy and without organic lesion of the mitral valve. PR is slightly prolonged (240 ms). The generalpattern is similar to that of Fig. 2 . Note the B point lining up with the second heart sound followed by a notch labelled 0, whose trough occurs 50 ms later, and which is likely to be assigned to the opening of the mitral valve. BO segment represents the isovolumetric relaxation period. At the end of the prolonged PR interval, the trace drops precipitously and overrides the zero line for a short period, indicating a small amount of regurgitation caused by atrial relaxation and the beginning of ventricular contraction being asynchronous. Nevertheless, further information can be obtained on flow velocity and volume relations in patients. Tsakiris et al. (I97I) have studied the continuous variations in size of the mitral ring area, by filming a series of lead beads sewn to the mitral ring of dogs. They showed that the area steadily increased from the beginning of the isovolumetric relaxation period until the end of the rapid diastolic filling phase, and then decreased consistently by a factor of 20 to 34 per cent of the maximum value throughout atrial and ventricular contraction (Fig. 5) . More pre-
ISOVOLUMIC RELAXATION cisely, they stated that the decrease caused by atrial systole ranged between one-half to two-thirds of the total decrease. Assuming that such data may be transposed to humans, this indicates that the relation between flow velocity and flow rate is certainly not linear, but nevertheless that the estimation of the rate blood flow from the blood flow velocity measurements for a given mitral ring area would be underestimated during the rapid filling phase by a factor less than 34 per cent (and probably much less) and overestimated during the atrial contraction period by a factor of less than 22 per cent, at least in basal conditions of pressure and heart rate.
Representativity of blood flow velocity curves Finally, in the light of these observations (namely the striking similarity of blood velocity, and flow rate curves, the flatness of the velocity profile across the mitral ring, the direction of change, and the limited range of variation in size of the mitral ring), it can be assumed that the flow velocity trace as recorded by the Doppler technique provides valuable information on the timing and the general pattern of blood flow, and, therefore, could be of great clinical significance. , 1971) . There is a progressive increase in mitral ring area during isovolumetric relaxation, and above all during early and mid-diastole. Before the atrial contraction, the area is maximum. The shrinkage of the mitral annulus is for a large part initiated by atrial contraction, and completed by ventricular systole. The total decrease in the area in dogs was found to range from 20 to 34 per cent of the mid-diastolic maximum value.
by the same method at the tricuspid valve level (Kalmanson et al., I97I) Relation between left atrial and ventricular pressure, and mitral flow velocity and flow rate patterns Although we could not simultaneously record pressures and flow velocity, it was possible to compare the timing of some critical events of both phenomena successively recorded, in some patients in whom simultaneous left atrial and left ventricular pressure tracings could be obtained. From our data as well as from those published by other authors (Nolan et al., I969; Folts et al., 197I; Yellin et al., I970; Laniado et al., 1973) it is possible to plot such relations (Fig. 7) . In particular, points of peak velocity correspond to points of maxmum left atrial-left ventricular pressure gradient, involving, however, a small delay. Such a delay is probably caused by the phase lag that has been shown to occur in the following order between pressure, pressure gradient, and flow, in pulsatile flow systems (McDonald, I960; Spencer and Denison, I956; Yellin et al., I970) . It will be also noted that during the latter half of the initial filling period, though the LA-LV pressure gradient becomes very small or even cancels out, a decelerating flow velocity of significant amplitude persists, because transmitral blood flow is inert (Yellin et Fig. 5 ). The diastolic LA-L V gradient has been exaggerated for the purpose of clarity. It can be equal to zero during the latter half of the initial period while inflow still persists, because of the property of inertia in the system (Yellin et al., 1970 
